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Edited by Robert B. RussellAbstract Transport by ABC proteins requires a cycle of ATP-
driven conformational changes of the nucleotide binding domains
(NBDs). We compare three molecular dynamics simulations of
dimeric MJ0796: with ATP was present at both NBDs; with
ATP at one NBD but ADP at the other; and without any bound
ATP. In the simulation with ATP present at both NBDs, the di-
meric protein interacts with the nucleotides in a symmetrical
manner. However, if ADP is present at one binding site then both
NBD–NBD and protein–ATP interactions are enhanced at the
opposite site.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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ATP-binding cassette transporters contain at least two
transmembrane domains (TMDs) and two nucleotide binding
domains (NBDs). This large family of proteins couples the en-
ergy from binding and hydrolysis of ATP at the NBDs to
transport of solute across the cell membrane. They are of some
biomedical importance and, for example, are associated with
multidrug resistance in microbes [1] and in cancer cells [2].
The NBDs exhibit a high degree of sequence and structural
conservation across the transporter family and contain a num-
ber of conserved sequence motifs (reviewed in [3]). These in-
clude the Walker-A (WA) and Walker-B (WB) motifs, an
ABC transporter speciﬁc or ‘‘Signature’’ motif (Fig. 1), and
two shorter sequences containing conserved glutamine and his-
tidine residues (Gln-loop and His-loop, respectively). Recent
crystallographic and biochemical studies have revealed the
architecture of the functionally relevant NDB dimer [4–7].
The molecular details involved with nucleotide binding and
hydrolysis of ATP at the NBDs have been investigated via
crystallography, NMR and molecular dynamics (MD) simula-
tions [7–9]. The crystallographic characterization of the NBDs
of maltose transporter MalK demonstrated how NBD dimer-
ization might occur via comparison of structures of the NBDs
in the presence and absence of nucleotide, while the NMR
study of MJ1267 identiﬁed regions of the protein which ﬂuctu-
ate in response to MgADP binding. A recent MD study of the*Corresponding author. Fax: +44 1865 275182.
E-mail address: mark.sansom@biop.ox.ac.uk (M.S.P. Sansom).
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the NBDs and an asymmetry in nucleotide binding behaviour
at the two catalytic sites in response to docking ATP at the ac-
tive sites [10]. The BtuCD MD study focused on a protein
which had been co-crystallized with cyclotetravanadate bound
to the active sites. The relationship of this conformation to a
corresponding physiological state of the NBDs (e.g. ATP
bound vs. ADP bound) remains somewhat unclear. Here we
investigate the conformational dynamics of MJ0796, a member
of the o228/LolD transporter family, whose NBD dimer co-
crystallized with NaATP bound to the active sites [5]. In con-
trast to BtuCD, the presence of NaATP at the active sites
seems to result in a greater degree of association of the NBDs.
Therefore MJ0796 provides a good candidate for studying the
dynamic behaviour of residues which coordinate the nucleo-
tide. We employ 10 ns MD simulations to examine the confor-
mational dynamics of MJ0796 in the presence of ATP, of ATP
and ADP, and in the absence of bound nucleotide, and demon-
strate cooperativity between the two binding sites.2. Methods
The coordinates for MJ0796 were obtained from the RCSB
(www.rcsgb.org, entry 1L2 T [5]). The crystal structure of MJ0796
was determined for a catalytically inactive mutant (E171Q). For the
simulations we modeled the active form of the protein by replacing
the Q171 amide nitrogen with oxygen, yielding the wild-type protein.
MJ0796 simulation systems were then generated by: (i) solvation of
the protein system using a pre-equilibrated box of SPC [11] water mol-
ecules whilst retaining the 417 crystal waters; and (ii) addition of ran-
domly positioned Na+ and Cl ions within the simulation box
equivalent to 0.1 M NaCl. The ﬁnal box size was 9.3 · 8.5 · 7.2 nm
containing  55000 atoms. Default ionization states were used. Simu-
lations were run as described previously [12] using GROMACS
(www.gromacs.org, [13]) with the exception that a Nose–Hoover ther-
mostat [14,15] and the Parrinello–Rahman algorithm [16,17] were used
to couple the temperature and pressure, respectively.
After a brief equilibration period (50 ps) during which the protein
atoms were harmonically restrained, each simulation system was run
for 10 ns without restraints. For simulations with bound nucleotide,
the Na+ in the PDB coordinates was replaced by Mg2+ (as Na+ occu-
pies the same position as Mg2+ co-crystallized as MgATP in other
ABC transporter NBD structures [18]).3. Results
The crystallographic and functional evidence for ABC trans-
porters indicates that residues from both NBDs contribute to
each nucleotide binding site. Therefore it is sensible to refer
to ATP binding to sites rather than to individual NBDs. Foration of European Biochemical Societies.
Fig. 1. Structure and conformational dynamics of the MJ0796 dimer.
In (A) NBDs 1 and 2 are shown in purple and blue, respectively. The
Walker A (WA), Signature Motif, and Walker B (WB) regions are
shown in green, yellow and orange, respectively. Mg and ATP are
shown in beige and red. The view shown is down from the extracellular
surface (i.e. through the transmembrane domains) onto the NBD
dimer. (B) shows the RMSD of the Ca atoms as a function time for the
2ATP (black line), ATP/ADP (red line), and NO ATP (blue line)
simulations. (C) shows the RMSF of the Ca atoms as a function of
residue number for the NO ATP simulation for NBD1 (black line) and
for NBD2 (red line).
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MJ0796 dimer as being NBD1 and the other as NBD2. Site
1 is then deﬁned as the nucleotide binding site containing the
WA, WB and Q-loop from NBD1 and the signature motif from
NBD2, and vice versa for Site 2 (Fig. 1A).
In order to investigate the detailed nucleotide–protein inter-
actions and the roles of nucleotide in inﬂuencing inter-NBD di-
mer communication we constructed three simulation systems:
2ATP, with MgATP present at both sites; ATP/ADP, with
ATP bound at Site 1 and ADP at Site 2; and NO ATP, without
nucleotide at either site.3.1. Simulation drift and ﬂuctuations
The drift of the protein subunits from the initial crystallo-
graphic conformation may be measured via the root-mean
squared deviation (RMSD) of the Ca atoms from the starting
structure as a function of time. For the three MJ0796 dimer
simulations, the Ca RMSD increases in the order 2ATP <
ATP/ADP < NO ATP (Fig. 1B). The ﬁnal RMSD after 10 ns
for the 2ATP simulation is 0.18. This is comparable to that
seen in other (stable) simulations starting from a protein struc-
ture of comparable resolution (the MJ structure was deter-
mined at 1.9 A˚ = 0.19 nm resolution), suggesting that
replacement of the NaATP (with which MJ0796 was co-
crystallized) by MgATP did not lead to any signiﬁcant confor-
mational instability or drift. The diﬀerence in ﬁnal RMSD
between the 2ATP and ATP/ADP simulations is also relatively
small, suggesting similar conformational stability. However,
the ﬁnal RMSD for the NO ATP simulation (0.3 nm) is sig-
niﬁcantly higher than for the other two simulations, suggesting
a degree of conformational change relative to the starting
structure. To explore this further, we analyzed the Ca RMSDs
of the individual NBDs. For 2ATP and for ATP/ADP these
were the same as for the corresponding dimers, indicating no
signiﬁcant inter-monomer drift. In contrast, for the NO ATP
simulation the RMSDs for the monomers were 0.08 nm lower
than for the dimer. We therefore conclude that a substantial
fraction of the conformational drift in the NO ATP simulation
arises from inter-NBD movements. This is supported by calcu-
lating the radius of gyration of the protein as a function of
time in the three simulations. This analysis (data not shown)
indicates that in the 2ATP and ATP/ADP simulations, after
an initial small contraction the radius of gyration remains con-
stant throughout the simulation at 2.31 nm, whereas in the
NO ATP simulation the radius falls by 0.05 nm over the
course of the simulation.
We may further analyze the motions in the simulations by
examining the root-mean squared ﬂuctuations (RMSF) of
Ca atoms as a function of residue number (Fig. 1C; only the
RMSF for the NO ATP simulation is shown). For all three
simulations, MJ0796 the highest RMSFs are in the loop re-
gions. Speciﬁcally, the loops within the a-helical sub-domain,
which is thought to transduce the ATP binding/hydrolysis
signal, show high mobility. An additional feature which is con-
sistent through all three simulations is a high RMSF from the
N-terminal two b-strands which contact the opposite NBD
and may be important in inter-NBD communication. We have
investigated the dynamic symmetry between the two NBDs of
a dimer by overlaying their individual RMSF proﬁles. For
both the 2ATP and ATP/ADP simulations the RMSF proﬁles
(not shown) are similar, suggesting dynamic symmetry is lar-
gely maintained with the dimer when nucleotide is bound. In
contrast two important diﬀerences were observed between
the RMSF proﬁles of NBDs 1 and 2 for the NO ATP simula-
tion: both the WA and loop N-terminal to the WB motifs show
a much higher degree of RMSF in NBD1 than in the equiva-
lent regions of NBD2. The consequences of this will be dis-
cussed further below.
It has been established that the opening and closing of the
NBD dimer interface are of importance in the ABC trans-
porter transport cycle [7]. We therefore assessed how the diﬀer-
ences in RMSD and RMSF between the nucleotide-bound and
nucleotide-free simulations may be related to changes in the
NBD–NBD interface via calculation of the buried surface area
Fig. 2. Buried surface area at the NBD–NBD interface as a function
of time for the 2ATP (thick black line), ATP/ADP (thick grey line) and
NO ATP (thin black line) simulations.
Fig. 3. Binding site interactions with nucleotides shown as the
percentage of time a residue is within 0.35 nm of nucleotide during
the last 7 ns of a simulation, for simulations A (Site 1) and B (Site 2).
The 2ATP and ATP/ADP simulation interactions are shown in grey
and black, respectively, and those residues to the left of the dashed line
are contributed from the opposite NBD. Note that, for clarity, those
residues which interact with nucleotide >95% of the time are omitted.
Thus, the conserved aromatic (Y11), the WA motif (G41–T46), and the
signature serine (S147) are omitted as they interact for >95% of the
time in all simulations. These >95% of time interactions are shown in C
(for Site 1 only – Site 2 is similar). Coloring of domains is as in Fig. 1.
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nucleotide-bound simulations there was an initial increase in
the buried area, followed by a small drift of 7 nm2 over the
course of the simulation. In contrast, during the NO ATP sim-
ulation, the buried area nearly doubles over 10 ns. Thus, the
bound nucleotides seem to hold the two monomers somewhat
apart from one another. At ﬁrst sight, this would seem to be at
odds with studies which show that the nucleotide free state of
an NBD dimer has a less tightly associated dimer [4,7]. How-
ever, by removing the ATP molecules from the ATP bound
crystal structure we have generated a system which would
not normally be formed in vivo. Normally, the APO state is
reached via the ADP-bound state, which drives the nucleotides
apart (see below). Additionally, the binding of ATP to the
open dimer facilitates conformational change which helps
overcome the barrier associated with forming the tightly
bound dimer, but then the presence of nucleotide prevents fur-
ther collapse of the NBDs. Thus by removing the ATP from
the tightly bound dimer we have generated a system in
which the NBDs have already overcome the barrier of associa-
tion, but no nucleotide is present to prevent closing of the dimer.
3.2. Protein–nucleotide interactions
It has been suggested that there is a dynamic asymmetry
when ATP is bound to the NBDs of BtuD [10], in that the pro-
tein–ATP interactions at Sites 1 and 2 diﬀer dramatically over
the course of a 15 ns simulation. Interestingly, in terms of over-
all conformational drift and ﬂexibility, we do not observe sig-
niﬁcant dynamic asymmetry, independent of whether two
ATPs or ATP plus ADP are bound to the dimer. However,
in terms of detailed changes in sidechain–nucleotide interac-
tions over the course of the simulations, the situation is more
complex. For example, in Fig. 3, we show the percentage of
time that a given residue contacts the nucleotide during the ﬁ-
nal 7 ns of the simulation. (For these purposes an interaction is
deﬁned as an interatomic approach within a cutoﬀ distance of
0.35 nm from the nucleotide.) Note that for clarity we do not
show such interactions for those residues which maintain
strong contacts (>95%) with ATP or ADP for both sites and
simulations, namely the conserved aromatic (Y11), residues
within the WA (G41–T46), and signature (Q145, S147, Q150)
motifs. Those residues which exhibit strong contacts, are with-in conserved motifs and all appear proximal to ATP in the
crystal structure (for a more extended discussion of these mo-
tifs see [3,19] – a sequence alignment is provided in the supple-
mentary material for this paper).
Fig. 4. Nucleotide dependent inter-NBD interactions around the
active sites. (A) shows the Site 1 NBD2 S147 sidechain oxygen–NBD1
G41 backbone nitrogen distance as a function of time for the 2ATP
(grey line) and ATP/ADP (black line) simulations. (B) shows the
diﬀerences at Site 1 in the S147–WA distance where snapshots of Site 1
at 10 ns are shown for the 2ATP (yellow) and ATP/ADP (blue)
simulations. (C,D) show changes in NBD1–NBD2 interactions around
each binding site as the percentage of time a residue is within 0.3 nm of
the opposite subunit during the last 3 ns of simulation. (C) shows the
Site 1 interactions and (D) the Site 2 interactions for the 2ATP (grey)
and ATP/ADP (black) simulations, respectively.
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2ATP simulation to be similar for the two sites (Fig. 3A and
B; grey bars). Some slight diﬀerences exist: for example K12
forms a stronger interaction with ATP in Site 2 than Site 1.
However, even this is compensated by R137, which displays
a greater interaction with ATP in Site 1 than Site 2. An inter-
esting observation is that during the 2ATP simulation, at both
binding sites the interaction between ATP and the conserved
histidine (H204, which is found in most ABC transporter
NBDs) is largely lost. Similarly, the conserved glutamine,
which is thought to play a role in hydrolysis signal transduc-
tion [19,20] interacts only weakly with ATP at Site 2 and not
at all with ATP at Site 1.
In contrast, when ADP is bound to Site 2 there is a greater
degree of asymmetry between the protein-nucleotide interac-
tions (Fig. 3A and B; black bars). As might be expected, sev-
eral interactions are lost from Site 2 relative to Site 1
including residues within the WA and signature motif. How-
ever the presence of ADP rather than ATP at Site 2 does seem
to enhance some interactions such as P39, which is N-terminal
to the WA motif. A key observation which emerges from this
analysis is that the presence of ADP at Site 2 enhances the
interactions of the protein with ATP at Site 1 relative to the
2ATP simulation. For the ATP at Site 1 there are 10% more
interactions in the ATP/ADP simulation relative to in the
2ATP simulation. Most notable is the interaction at Site 1 be-
tween ATP and the conserved histidine (H204), which is virtu-
ally absent in the 2ATP simulation but is 91% in the ATP/ADP
simulation. There is also a water mediated H-bond between K9
and the adenine of ATP.
The presence of either ATP or ADP does not seem to have a
dramatic eﬀect on the protein–Mg2+ interactions (not shown).
The most important residue in binding the metal ion is S45
from the WA motif, which remains proximal to Mg
2+ 100%
of the time in both simulations and binding sites. Some addi-
tional coordination of the ion is maintained by residues in
the signature sequence from the opposite NBD. These interac-
tions between the signature sequence and Mg2+ are largely lost
when ATP is exchanged for ADP.
3.3. Eﬀects of nucleotide on inter-NBD communication
As shown above, the presence of ADP rather than ATP at
Site 2 did not have a major eﬀect on the overall buried surface
area at the dimer interface. We therefore analyzed in more de-
tail the conformational changes occurring within and between
the two NBDs. We therefore mapped speciﬁc changes at the
dimer interface for the two nucleotide bound simulations
(Fig. 4).
We observed that in the 2ATP simulation, where both sites
are equivalent, that the residues in NBD1 within 0.3 nm of
NBD2 are nearly identical to those residues in NBD2 within
0.3 nm of NBD1. Where there are small diﬀerences for a given
residue, they are often compensated for by adjacent residues.
For example, in the ﬁnal 3 ns of simulation the NBD1 F92–
NBD2 interaction is only 17% relative to 88% for the NBD2
F92–NBD1 interaction. This is compensated by the NBD1
Q90/Q91–NBD2 interactions which are 75% and 88%, respec-
tively, compared to 26% and 23% for the NBD2 Q90/Q91–
NBD1 interactions. Similar results are also seen for residues
within the signature sequence, where the depletion of one inter-
action relative to that in the opposite NBD is compensated for
by adjacent residues.We observed diﬀerence in the NBD1–NBD2 interactions
for the ATP/ADP simulations. In contrast to the 2ATP sim-
ulation, the compensatory process does not seem to be as
important. It is encouraging that the asymmetric interactions
often occur for conserved and functionally important resi-
dues; the altered NBD–NBD interactions are predominantly
localized to the signature motif (Fig. 4C and D). Most impor-
tantly, during the ATP/ADP simulation the signature motif
serine (S147) of NBD1 does not come within 0.3 nm of
NBD2 at any point, but S147 of NBD2 remains within
0.3 nm of NBD1 for over 95% of the simulation. This is
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serine is likely involved with transduction rather than hydro-
lysis [21].
In general, when we compare the number of interactions be-
tween residues around the signature motif with the opposite
NBD we see that they are decreased or increased, respectively,
for NBDs 1 and 2 in the ATP/ADP simulation relative to the
2ATP simulation. That is, the total number of NBD2–NBD1
interactions around Site 1 (which has ATP bound) is 25%
higher in the ATP/ADP simulation relative to in the 2ATP
simulation. Thus there is some slight slackening of NBD–
NBD interactions around ADP at the same time as tightening
of such interactions at the opposite (ATP) site relative (both to
the 2ATP simulation). This supports the analysis above of
ATP–protein interactions which showed that the presence of
ADP at Site 2 strengthened the interaction between protein–
ATP interactions at Site 1.4. Discussion
We have compared three simulations starting from the struc-
ture of an ABC NBD dimer which was crystallized in the pres-
ence of ATP, with diﬀerent conﬁgurations of bound
nucleotides during the simulations. The results indicate thatFig. 5. A possible mechanism for the ATP hydrolysis cycle of the MJ0796 dim
opening of this site to release the post-hydrolytic products. This in turn facili
site. ATP is then able to diﬀuse into the open NBD dimer, resulting in a suthe presence of ADP (rather than ATP) at one catalytic site
(Site 2) promotes both stronger NBD–NBD and stronger
NBD–ATP interactions at the opposite site (Site 1). Most
notably, interactions dramatically increase between ATP and
the conserved histidine (H204) at Site 1, consistent with exper-
imental evidence which shows that this residue is important for
ATP hydrolysis [22]. Furthermore, the presence of ADP en-
hances NBD–NBD interactions at the opposite site via S147,
in agreement with results showing that this residue is involved
in transduction [21]. We hypothesize that the enhanced NBD–
NBD and NBD–ATP interactions may facilitate hydrolysis of
ATP at Site 1.
Our results for the 2ATP simulation are not consistent with
those obtained in a recent simulation of BtuCD [10]. In the lat-
ter study, when MgATP was docked at both sites an opening
was observed at one site concurrent with a closure at the other.
However, a comparable asymmetry was not observed in our
simulations which indicated that both sites behaved in essen-
tially the same fashion when the same nucleotide species was
bound to each site, even though the catalytically inactivating
mutation was restored to its wild-type state. The origin of these
diﬀerences between the two simulation studies is uncertain.
Our simulations are based on the structure of MJ0796 crystal-
lized with NaATP bound, whereas BtuCD was crystallized
with cyclovanadate at the active site of the NBD. This mayer. In the ﬁrst step ATP is hydrolyzed at one of the sites. This leads to
tates hydrolysis at the second site, followed by an opening at this latter
bsequent closure of the dimer.
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that the TMDs are required to hold the NBD dimer in a cat-
alytically active (asymmetric) state [10]. However, would seem
to be in conﬂict with a body of experimental data which sug-
gest that NBDs expressed without their constituent TMDs re-
tain the ability to bind and hydrolyze ATP with activities
comparable to the intact transporter [22–24]. In order to fully
understand such diﬀerences between the two simulations it
may prove necessary to simulate the NBD (BtuD) dimer with
and without its TMDs (BtuC) and compare in detail with the
current MJ0796 NBD dimer simulation.
While our 2ATP simulation is not in agreement with [10],
our ATP/ADP simulation does support the mechanism de-
scribed by these authors. We suggest that stochastic (i.e. ther-
mal) ﬂuctuations in nucleotide interactions at one or other site
in the 2ATP state may initiate hydrolysis thereby initiating the
catalytic cycle (Fig. 5). Following hydrolysis at the ﬁrst site,
this binding pocket is opened to release the post-hydrolytic
products while simultaneously closing the second site, consis-
tent with out results. Thus a possible mechanism emerges in
which ATP is hydrolyzed at alternating sites (in agreement
with experimental data) and in which upon release of the
post-hydrolytic products from the second site an open NBD
dimer is formed which can allow ATP to bind simultaneously
to both sites, consistent with a mechanism proposed previously
[25]. It is interesting to note that the recent MsbA structure
was co-crystallized with a single ADP-vanadate molecule,
lending further support to the alternating hydrolytic cycle
mechanism [26]. To more fully evaluate this hypothesis it
would be necessary to use, e.g. combined quantum mechani-
cal/molecular mechanical methods [27] to also simulate the
hydrolytic process per se in order to examine the exact role
of, e.g. the sidechain of E171. Such an approach might enable
one to understand the possible mechanistic implications of the
E171Q mutation employed in the crystallographic study of
MJ0796 [5].
In summary, our simulations suggest an asymmetrical
induced ﬁt process, whereby ADP binding at one site permits
tighter ATP–protein and protein–protein interactions at the
other site. This would seem to be consistent with an alter-
nating sites mechanism of ATP hydrolysis at the NBDs
[28,29].
Acknowledgments: JDC is supported by a Wellcome Trust Structural
Biology Studentship, and thanks Linacre College for a Canadian Na-
tional Scholarship. MSPS thanks the Wellcome Trust and the BBSRC
for their continued ﬁnancial support, and the Oxford Supercomputing
Centre for access to resources. Our especial thanks to Anthony Ivetac
for useful discussions.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version at doi:10.1016/j.febslet.2005.
06.027.References
[1] Ouellette, M., Legare, D. and Papadopoulou, B. (1994) Microbial
multidrug-resistance ABC transporters. Trends Microbiol. 2, 407–
411.
[2] Gottesman, M.M. and Ambudkar, S.V. (2001) Overview: ABC
transporters and human disease. J. Bioenerg. Biomembr. 33, 453–
458.
[3] Jones, P.M. and George, A.M. (2004) The ABC transporter
structure and mechanism: perspectives on recent research. Cell.
Mol. Life Sci. 61, 682–699.
[4] Fetsch, E.E. and Davidson, A.L. (2002) Vanadate-catalyzed
photocleavage of the signature motif of an ATP-binding cassette
(ABC) transporter. Proc. Natl. Acad. Sci. USA 99, 9685–9690.
[5] Smith, P.C., Karpowich, N., Millen, L., Moody, J.E., Rosen, J.,
Thomas, P.J. and Hunt, J.F. (2002) ATP binding to the motor
domain from an ABC transporter drives formation of a nucle-
otide sandwich dimer. Mol. Cell 10, 139–149.
[6] Loo, T.W., Bartlett, M.C. and Clarke, D.M. (2002) The
‘‘LSGGQ’’ motif in each nucleotide-binding domain of human
P-glycoprotein is adjacent to the opposing walker A sequence. J.
Biol. Chem. 277, 41303–41306.
[7] Chen, J., Lu, G., Lin, J., Davidson, A.L. and Quiocho, F.A.
(2003) A tweezers-like motion of the ATP-binding cassette dimer
in an ABC transport cycle. Mol. Cell 12, 651–661.
[8] Wang, C., Karpowich, N., Hunt, J.F., Rance, M. and Palmer,
A.G. (2004) Dynamics of ATP-binding cassette contribute to
allosteric control, nucleotide binding and energy transduction in
ABC transporters. J. Mol. Biol. 342, 525–537.
[9] Jones, P.M. and George, A.M. (2002) Mechanism of ABC
transporters: a molecular dynamics simulation of a well charac-
terized nucleotide-binding subunit. Proc. Natl. Acad. Sci. USA
99, 12639–12644.
[10] Oloo, E.O. and Tieleman, D.P. (2004) Conformational transitions
induced by the binding of MgATP to the vitamin B12 ATP-
binding cassette (ABC) transporter BtuCD. J. Biol. Chem. 279,
45013–45019.
[11] Berweger, C.D., Vangunsteren, W.F. and Mullerplathe, F. (1995)
Force–ﬁeld parametrization by weak-coupling – reengineering
Spc water. Chem. Phys. Lett. 232, 429–436.
[12] Campbell, J.D., Deol, S.S., Ashcroft, F.M., Kerr, I.D. and
Sansom, M.S. (2004) Nucleotide-dependent conformational
changes in HisP: molecular dynamics simulations of an ABC
transporter nucleotide-binding domain. Biophys. J. 87, 3703–
3715.
[13] Lindahl, E., Hess, B. and van der Spoel, D. (2001) GROMACS
3.0: a package for molecular simulation and trajectory analysis. J.
Mol. Model. 7, 306–317.
[14] Nose, S.A. (1984) A molecular dynamics method for simulations
in the canonical ensemble. Mol. Phys. 52.
[15] Hoover, W.G. (1985) Canonical dynamics: equilibrium phase-
space distributions. Phys. Rev. A 31, 1695–1697.
[16] Parrinello, M. and Rahman, A. (1981) Polymorphic transitions in
single crystals: a new molecular dynamics method. J. Appl. Phys.
52, 7182–7190.
[17] Nose´, S. and Klein, M.L. (1983) Constant pressure molecular
dynamics for molecular systems. Mol. Phys. 50, 1055–1076.
[18] Lewis, H.A. et al. (2004) Structure of nucleotide-binding domain
1 of the cystic ﬁbrosis transmembrane conductance regulator.
EMBO J. 23, 282–293.
[19] Karpowich, N., Martsinkevich, O., Millen, L., Yuan, Y.R., Dai,
P.L., MacVey, K., Thomas, P.J. and Hunt, J.F. (2001) Crystal
structures of the MJ1267 ATP binding cassette reveal an induced-
ﬁt eﬀect at the ATPase active site of an ABC transporter.
Structure (Camb) 9, 571–586.
[20] Yuan, Y.R., Martsinkevich, O. and Hunt, J.F. (2003) Structural
characterization of an MJ1267 ATP-binding cassette crystal with
a complex pattern of twinning caused by promiscuous ﬁber
packing. Acta Crystallogr. D Biol. Crystallogr. 59, 225–238.
[21] Matsuo, M., Dabrowski, M., Ueda, K. and Ashcroft, F.M.
(2002) Mutations in the linker domain of NBD2 of SUR
inhibit transduction but not nucleotide binding. EMBO J. 21,
4250–4258.
[22] Nikaido, K. and Ames, G.F. (1999) One intact ATP-binding
subunit is suﬃcient to support ATP hydrolysis and translocation
J.D. Campbell, M.S.P. Sansom / FEBS Letters 579 (2005) 4193–4199 4199in an ABC transporter, the histidine permease. J. Biol. Chem. 274,
26727–26735.
[23] Morbach, S., Tebbe, S. and Schneider, E. (1993) The ATP-
binding cassette (ABC) transporter for maltose/maltodextrins of
Salmonella typhimurium. Characterization of the ATPase activity
associated with the puriﬁed MalK subunit. J. Biol. Chem. 268,
18617–18621.
[24] Davidson, A.L., Laghaeian, S.S. and Mannering, D.E. (1996)
The maltose transport system of Escherichia coli displays
positive cooperativity in ATP hydrolysis. J. Biol. Chem. 271,
4858–4863.
[25] Higgins, C.F. and Linton, K.J. (2004) The ATP switch model for
ABC transporters. Nat. Struct. Mol. Biol. 11, 918–926.[26] Reyes, C.L. and Chang, G. (2005) Structure of the ABC
transporter MsbA in complex with ADP.vanadate and lipopoly-
saccharide. Science 308, 1028–1031.
[27] Ridder, L. and Mulholland, A.J. (2003) Modeling biotransfor-
mation reactions by combined quantum mechanical/molecular
mechanical approaches: from structure to activity. Curr. Top.
Med. Chem. 3, 1241–1256.
[28] van Veen, H.W., Margolles, A., Muller, M., Higgins, C.F. and
Konings, W.N. (2000) The homodimeric ATP-binding cassette
transporter LmrA mediates multidrug transport by an alternating
two-site (two-cylinder engine) mechanism. EMBO J. 19, 2503–
2514.
[29] Senior, A.E., al-Shawi, M.K. and Urbatsch, I.L. (1995) The
catalytic cycle of P-glycoprotein. FEBS Lett. 377, 285–289.
